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Ascending pyelonephritis in young rats retards kidney growth. Several
radiological studies have suggested that pyelonephritis in infancy and
childhood may result in kidney growth retardation without renal scar-
ring. In the present study, we induced ascending pyelonephritis in
20-day-old rats with intravesical infusion of E. coli. Four days after
infusion, E. coli was cultured from all renal cortex. The rats were either
left untreated (PNu) or were treated with trimethoprim-sulfa (PNt). The
rats were investigated one month after infection and compared with an
age-matched control group (C). Seventy-nine percent of the PNu rats
had recovered spontaneously from infection. Body weight was the same
in all groups. In PNu rats, kidney weight (KW), kidney area (KA) and
glomerular filtration rate (GFR) were significantly decreased. KW, KA
and GFR were similar in PNt and C rats. The numbers of filtering
nephrons were not reduced by the infection. The total cortical DNA
content (index of cell number) was significantly lower in PNu (5.30
0.32mg) and PNt (6.62 0.44mg) than in C rats (8.48 0.49 mg). The
cortical DNA content was significantly lower in PNu than in PNt rats.
The cortical protein/DNA ratio was significantly higher in PNu rats than
in C rats. The protein/DNA ratio was similar in PNt and PNu rats. The
increase in protein/DNA ratio was interpreted as a sign of cell hyper-
trophy. The inflammatory process as such did not increase the protein/
DNA ratio. The kidneys were also examined for structural lesions.
Signs of scarring, inflammation and cell necrosis were almost absent in
all groups. In conclusion, untreated pyelonephritis in young rats results
in the reduction of the renal mass and GFR. The reduction of renal mass
can be attributed to inhibition of cell mitosis. Cell mitosis can be
inhibited even in cases where the pyelonephritis is treated, but a
compensatory increase in cell size might then blunt the gross signs of
renal growth retardation.
The infant kidney is more vulnerable to infections than the
adult kidney [1, 2]. It is not uncommon that the lesion that
follows acute pyelonephritis during infancy and early childhood
manifests as kidney growth retardation rather than as renal
scars [3—10]. Renal growth during infancy and childhood takes
place mainly through cell division [11, 12]. In the adult kidney
cell mitosis is rarely observed, except after the ablation of renal
tissue. Taken together, these clinical and experimental studies
raise the question as to whether or not pyelonephritis in infancy
may retard renal cell mitosis.
In the present study we have examined the effect of pyelo-
nephritis on kidney growth in infant rats. Weanling rats were
exposed to an ascending E. coli infection. Thirty days later
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renal size, renal cortical DNA content and renal function were
determined. Kidney slices were microscopically inspected for
inflammation. Since most infants with pyelonephritis are
treated fairly promptly today, we also investigated the extent to
which appropriate treatment might mitigate the effects of infec-
tion.
Methods
The studies were performed on female Sprague-Dawley rats.
The animals were fed laboratory standard rat chow (Ewos,
SOdertalje, Sweden) and received tap water ad libitum. The rats
were 20 days old at the time of infection and 50 days old at the
time of study. All studies were performed following anesthesia
with Inactin 80 mg/kg i.p. (Byk-Golden, Coblenz, FRG).
Experimental pyelonephritis
Twenty day-old rats weighing between 45 to 50 g were
anesthetized with ether. The bladder was catheterized with a
double-lumen silver canula. This device permits continuous
recordings of bladder pressure during injection. The procedure
used for catheterization has been described in detail previously
[13]. Briefly, a saline solution containing E. coli-Type 06 K13
Hl (l0 bacterialml) was injected into the bladder at a constant
infusion rate (0.6 mllmin). In pilot studies during infusion, the
bladder pressure slowly increased, reached a plateau and then
rapidly decreased (Fig. 1). When a lissamine green solution was
injected into the bladder the decrease in bladder pressure
occurred at the time when the dye appeared in the renal vein.
The infusion of E. coil was therefore interrupted when the
bladder pressure decreased. The efficacy of this procedure was
checked in a pilot study where rats were sacrificed four days
after the intravesical infection; the kidneys were then removed
and inspected. The renal cortex was dissected out under sterile
conditions. The renal cortex from each kidney was minced and
cultured using a standard microbiological technique. E. coli was
cultured from the renal cortex in 100% of the cases (22 kidneys
in 11 rats) four days after injection. It was found in pilot studies
that if a bacterial concentration lower than l07/ml was used it
was more difficult to predict whether an infection would de-
velop. If the concentration of bacteria was increased, a kidney
abscess developed in a number of cases.
In one protocol the infected rats were treated with antibiotic
(EusaprimR, trimethroprim 1.6 mg and sulfamethoxazole 8 mgI
day i.p. in daily doses) between day 4 and day 9 after the
intravesical infections. The strain of E. coli that was used is
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Radiographic estimate of kidney area
Urografin' 30% (Schering AG) was slowly injected i.v. and a
radiological examination of the kidney was performed using
Orbix equipment (Siemens) with a film-focus distance of 1.3 m
and an object to film distance of about 2 cm. A Kodak min-R
mammographic cassette combined with Kodak mammography
film was used. The renal area was estimated on the roentgeno-
gram with a Zero Setting Compensating Planimeter (Oce Ingut),
as previously described [15].
Determination of the number of glomeruli
Fig. 1. Bladder pressure recording (mm Hg) during continuous infu-
sion (0.6 mI/mm).
highly sensitive to this antibiotic. The untreated rats will be
referred to as PNu rats, the treated ones as PNt rats and the
group of not infected as C rats.
In order to obtain optimal experimental conditions, different
rats were used in each study.
Structural studies
The kidney was prepared for light microscopic studies by
immersion-fixation in 4% buffered formaldehyde. ParaffIn sec-
tions were cut longitudinally and stained by van Gieson's
method. The slides were studied by one of us (S.O.) who had
not been informed about which animals were included in the
experimental groups. The kidneys were coded and morpholog-
ical alterations were graded by means of a scoring system
previously described [14]: 0 = no lesions; I = microscopic
pyelitis with inflammatory cells involving only the mucous
membrane; II = pyelonephritis with inflammatory cells in the
kidney, but no macroscopical abscesses; III = several macro-
scopical pinpoint abscesses showing coalescence; IV con-
fluent macroscopical lesions occupying less than half of the
kidney surface; v = confluent macroscopical lesions occupying
more than half of the kidney surface.
Determination of glomerular filtration rate (GFR)
After anesthesia the rats were tracheotomized to assure free
airways during the experiment. One carotid artery and one
jugular vein were catheterized with thin polyethylene tubings.
The ureters were exposed through a midline incision and
canulated with polyethylene catheters. Polyfructosan-S (mu-
test, Laevosan-Gesellschaft, Linz, Austria) was used as an
indicator of the glomerular filtration rate (GFR). The rats were
given an i.v. bolus dose (1 ml/l00 g body wt) of a solution
containing 5% mutest in isotonic saline, followed by the same
solution at a rate of 1 mlJlOO g body wt/hr. Clearance recordings
were started one hour after the prime dose. A blood sample was
obtained at the end of the clearance periods. In each rat the
GFR was calculated from two clearance periods of 20 to 30
minutes each.
After anesthesia, the abdomen was opened with a midline
incision and 2 ml of India Ink was injected into the descending
aorta just above the renal arteries. The kidneys were immedi-
ately removed and decapsulated. The renal cortex was rapidly
dissected from the medulla and the papilla. The cortex was
weighed. A slice from the central cortex was weighed and
digested in 0.5 ml 8 N HC1 for two hours at room temperature.
The digested tissue was diluted in 4.5 ml of isotonic saline. Ink
stained glomeruli were counted in ten 50 l.a samples and the
mean was calculated. Only those samples were used in which
no fragmented glomeruli were found. The total number of
glomeruli per kidney was calculated from the number of gb-
meruli per milligram of cortex and the weight of the cortex. The
validity of this method for determination of functioning glomer-
uli has been discussed in detail previously [16].
Determination of DNA content
Following removal of the kidneys the cortex was dissected
from the medulla and the papilla. The number of cortical cells
was estimated from the total DNA content and the cell volume
by the protein/DNA ratio as previously described [11]. This
method is based on the constancy of the amount of DNA per
nucleus in most rat cells, regardless of age. The total amount of
cortical DNA can therefore be considered as an approximate
index of cell number, and the protein/DNA ratio gives a mean
figure for the amount of cytoplasmic material (cell size) associ-
ated with a single nucleus. DNA was determined in the homo-
genate of the renal cortex by a colorimetric reaction with
diphenylamine. The protein concentration in the cortex was
determined by Lowry's micromethod.
Statistical analysis
Data are given as mean SCM. The statistical analysis was
performed with the unpaired Student's t-test.
Results
Body weight was similar in all groups of rats. The kidney
weight was similar in treated (PNt) and control (C) rats (Table
1). The kidney weight in the untreated rats (PNu) was signifi-
cantly (P C 0.001) less than in both the PNt and C rats. The
kidney weight in PNu rat was 75% of the control value. The
area of the renal parenchyma, estimated from the radiological
image, was similar in PNt and C rats (Table 1) but was
significantly smaller in the PNu than in the C (P C 0.001) and
PNt rats (P C 0.001). GFR, related to body weight, was the
same in PNt and C rats (Table I). In PNu rats GFR was
significantly lower than in both PNt (P C 0.001) and C rats (P C
0.001).
5 mmHg
Hannerz et al: Ascending pyelonephritis in rats 1135
Table 1. Body weight (BW), Kidney weight (KW), Kidneys area
(KA) and GFR in 50-day-old rats
BW KW
KA
g cm2
GFR
mi/mini
IOOgBW
C (7) 182.0 4.6 2.44 0.11 4.2 0.1 0.66 0.09
PNt (6) 184.6 2.5 2.44 0.17 4.3 0.1 0.66 0.11
PNu (7) 183.0 4.2 1.82 010a.b 3.8 0•1a,b 0.44 004a.b
Values are mean 5EM; ( ) number of rats in each group. Abbrevi-
ations are: C, control; PNt, infected treated; PNu, infected untreated.
a p < 0.001 when compared to C rats
b P < 0.001 when compared to PNt rats
The number of functioning nephrons was estimated by count-
ing the number of glomeruli in both kidneys (Table 2). The
number of glomeruli was the same in the controls and the PNu
rats. This part of the study was not performed on PNt rats.
The number of cortical cells was estimated as the cortical
DNA content (Fig. 2). In both PNt and PNu rats the cortical
DNA content was significantly lower than in C rats (P < 0.001
in both groups). The DNA content in PNu rats was decreased to
a larger extent than in PNt rats. The difference between PNt
and PNu rats was significant (P < 0.001). The cell volume was
estimated as the cortical protein/DNA ratio. In both PNt and
PNu rats the protein/DNA ratio was significantly higher than in
C rats (P < 0.001 in both groups). The cortical protein/DNA
ratio was about the same in PNt and PNu rats. Could the
increase in cortical protein/DNA ratio in the PN rats be
secondary to the inflammatory process? To check if this was the
case, cortical protein/DNA ratio was determined four days after
the intravesical injection of E. co/i, when a peak of the
inflammatory process was expected. Since cortical protein/
DNA ratio at that time was not different in infected (17.4 3.0,
N = 5) and control rats (17.7 4.6, N = 5), the increase in
protein/DNA ratio 30 days after infection was interpreted as a
sign of cell enlargement.
The kidneys were examined with light microscopy by one of
us who was blind to the experimental groups. The severity of
the renal lesions was graded using the scoring system described
in Methods. The studies were performed either 4 or 30 days
after infection. The results are shown in Table 3. Four days
after infection none of the 12 kidneys studied showed morpho-
logical alterations. Thirty days after infection, the renal lesions
were few and discrete when present. Ten PNt kidneys (83%)
showed no alterations and two kidneys from the same animal
showed minimal changes (stage I in our classification). Eleven
PNu kidneys (79%) were normal and three (from 2 animals)
showed minimal lesions (stages I and II). There were no
extensive alterations (stages III to V) in either of the groups.
Culture of the renal cortex was performed 30 days after
infection in six PNt and seven PNu rats. All the PNt rats had
sterile kidneys. In the seven PNu rats, 11 kidneys were sterile,
while E. co/i was cultured from three PNu kidneys (from 2 rats).
Discussion
The model of experimental pyelonephritis used in the present
study was designed to resemble the acute clinical disease in
pediatric patients. Weanling rats were used. The infection was
an ascending one and the microorganism was E. co/i. The
Table 2. Number of glomeruli (two kidneys) in 50-day-old rats
No. of
glomeruli
C 50816
P NS
PNu 59 145 7 721
Values are mean 5EM. N = 7 rats in each group. Abbreviations are:
C, control; PNu, infected untreated rats.
Table 3. N
pyelonephritic lesi
umber of kidneys with microscopical signs of
ons in rats infected at 20 days and studied at 24
50 days of age
or
Kidneys with microscopical lesionsa
0 1 II III IV V
24-day-old rats
PNu(6) 12 0 0 0 0 0
50-day-old rats
PNt(6) 10 2 0 0 0 0
PNu(7) II 1 2 0 0 0
= number of rats. Abbreviations are: PNu, infected untreated;
PNt, infected treated rats.
a Graded scoring system is described in Methods.
kidney was not injured at the time of infection. The infection
caused no abscesses. A significant number of animals recovered
spontaneously from their infection.
If the infection was not treated, kidney growth was retarded
and the GFR related to body weight decreased. The smaller
renal mass in PNu rats was not associated with gross inflam-
mation, abscesses or scars. The smaller kidney in PNu rats
might have been due to a loss of pre-existing tissue or to
attenuated growth, The light microscopy revealed no signs of
parenchymal derangement either during acute infection or one
month later. It is therefore unlikely that a massive necrosis of
tubular cells occurred during the infection. Pyelonephritis did
not reduce the number of functioning nephrons, since the
number of filtering glomeruli was the same in untreated infected
rats as in control rats.
There is much evidence that the reduced renal mass observed
in untreated infected rats can be attributed to the inhibition of
cell division. The cortical DNA content, which is an index of
cell number, was significantly reduced. The mitotic activity in
the rat kidney is particularly high in 20-day-old rats [1 1]. The
inhibition of cell division may be due to several factors. The
bacteria may compete with cells for nutrients and/or trace
elements [17]. The bacteria may produce anti-mitogenic toxin
[18], as also suggested by impairment of compensatory renal
growth during pyelonephritis [2]. It is also possible that the
growth retardation is secondary to a decrease in GFR. In the
untreated rats GFR was reduced to approximately the same
extent as the kidney mass. We did not measure the acute effect
of the pyelonephritic process on GFR. Thirty days after infec-
tion, however, total GFR was decreased in untreated rats. The
number of nephrons was not reduced. This implies that GFR in
the single nephron is decreased.
In the infected treated rats the kidney weight and the renal
area measured from the radiological image were the same as in
the control rats. The number of cortical cells was reduced. We
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find it likely that the normal kidney size in the treated rats was
accomplished by a relative increase in cell size. The increase in
protein/DNA ratio indicates that this is the case. This finding
has important implications. A small child may have an episode
of pyelonephritis that interferes with kidney growth and yet
presents with normally-sized kidneys on a radiological exami-
nation some time later.
In conclusion, this study has shown that pyelonephritis in
infancy influences and retards renal growth and will also lead to
a decrease in GFR. If the infection is treated promptly, growth
accomplished by cell division may be retarded but, probably
because of compensatory cell hypertrophy, the kidney size
appears to be normal. The young kidney is generally considered
to be more sensitive than the adult kidney to permanent injury
following infection. The anti-mitotic effect of an E. coli infec-
tion in a rapidly dividing kidney may contribute to this suscep-
tibility.
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